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Abstract 
High velocity sheet metal forming methods, such as electromagnetic forming and electro hydraulic forming (EHF), are based on 
high voltage electrical energy. This paper gives theoretical details about high strain rate forming in the Electrohydraulic forming 
process. Following the experimental results in the literature, a simulation of the high strain rate forming was prepared in 
ABAQUS-CAE wherein a dynamic loading on a sheet blank was applied and was allowed to plastically deform following the 
Johnson-Cook material model. The results of the simulation were validated from the experimental values obtained from existing 
literature. After the model was validated further simulations were carried out to obtain similar results for other commercially 
available materials like Al 6061 T6 alloy and Mg-Gd-Y alloy. 
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1. Introduction 
 
Sheet metal forming processes are those in which force is applied to a piece of sheet metal to modify its geometry 
rather than remove any material. The applied force stresses the metal beyond its yield strength, causing the material 
to plastically deform, but not to fail. By doing so, the sheet can be bent or stretched into a variety of complex shapes. 
The conventional sheet metal forming processes include bending, roll forming, deep drawing and stretch forming. 
With advancement in the technology several high strain rate forming processes like explosive metal forming 
process, electro-magnetic pulse forming and electro-hydraulic forming processes which are based on high pressure 
pulse generation using different sources of energy are being used frequently in the industry. The deformation at 
higher strain rates: 
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x Produces more uniform dislocation distributions for the same amount of strain. 
x Hinders the formation of discrete dislocation cells. 
x Decreases cell size. 
x Increases disorientation, with more dislocations trapped within cell interiors. 
 
Electro-hydraulic forming is a high strain rate forming process that involves the conversion of electrical energy to 
mechanical energy in a liquid medium.The forming process is very fast and last no longer than 200 μs and has a 
forming speed approximated to 300 m/s. Discharging of an electrical spark in a liquid produces shock waves and 
pressures which can be used for metal forming. A capacitor bank delivers a pulse of high current across two 
electrodes, which are positioned a short distance apart while submerged in a fluid (water or oil). The electric arc 
discharge rapidly vaporizes the surrounding fluid creating a shock wave. The work piece, which is kept in contact 
with the fluid, is deformed into an evacuated die. Electrohydraulic forming is a variation of the older, more general, 
explosive forming method. The fundamental difference between these two techniques is the energy source, and 
subsequently, the practical size of the forming event. The major aspect in the electrohydraulic forming is the electro 
hydraulic effect that is seen during the process [J. Varis2005&Daehn2006].The major advantages of high strain rate 
forming processes are the increase in metal formability, reduced wrinkling, high pressure impact for imposing 
surface details, reduced springback and reduced manufacturing cost. 
 
 
2. Electrohydraulic Effect 
 
When stored electrical energy is suddenly released by high speed electronic switches and electrodes immersed in 
water an intense mechanical shock wave is created. The wave is characterized by a steep leading edge and minor 
bubble pulse trailing at the end. Termed electrohydraulic effect, it’s an easy way to convert electrical energy into a 
moving force. [Lawrence1969] 
 
2.1 Principle of Operation 
 
This seemingly primitive principle contains the basic components of modern energy-discharge system: the D.C. 
energy-storage capacitor, discharge electrodes, force-transfer liquid and tank. 
A basic electrohydraulic system is shown in Fig 1. The necessary high voltage is obtained from a line-operated D.C. 
power supply and charges a capacitor storage bank. When the electronic trigger circuit is activated, energy is rapidly 
dumped into concentric or opposing spark-gap electrodes submerged in the water-filled tank. The resulting shock 
wave is directed at the work piece. In this example a metal sheet is being forced into a prepared forming die 
[Lawrence1969]. 
 
 
Fig. 1: Schematic of Electro- hydraulic Discharge  
Although outward appearance of the electrohydraulic effect is that of simple explosion, its constituents are much 
more complex. Unlike a chemical explosion whose dynamics are measured in terms of milliseconds, the 
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electrohydraulic event takes place in microseconds. The sudden release of stored energy results in the generation of 
small vapour bubble which for all practical purposes acquires the characteristics of plasma. Its temperature can be as 
high as 30,000oC, accompanied by pressure estimated to peak out at approximately 20,000 atm. [Lawrence1969] 
 
3. Finite Element Modeling 
 
A dynamic explicit Finite Element, FE analysis was carried out to investigate the possibility to do simulations of a 
High strain rate forming method. The software used for the simulation is ABAQUS CAE. The model simulation for 
EHF was based on the published result found in literature by Daniel et al 2008. The simulations were validated 
through the dome height and the strain distributions from the Electrohydraulic Forming experiment, performed by 
Arne Melander et al 2013.  
 
3.1 The Model 
 
This model consists of two parts, blank and the die. The blank is the sheet material that is getting formed; simulation 
was carried out with IF210 as the test material for the validation of the model with experimental results. The 
simulation was further carried out to obtain similar results for materials Al 6061 T6 and Mg-Gd-Y alloys. The 
diameter of hole in the die is 165 millimetres; the blank was made with a diameter of 175 millimetres which 
represent the diameter of the locking in the die with a shaped like a truncated cone. 
The simulation model parts were based upon the experimental setup as shown below in Fig 2. The die is the tool that 
shapes the blank. In the simulation the blank is free formed or gets a free expansion, this means that the die only 
restrict the diameter of the dome and also consists a rounded edge with a radius of 4 mm for the blank to get bend 
over. In the EHF experiment the pressure is build up by an arc in the rear end of the tool, which in the simulation is 
represented by a uniformly distributed pressure pulse. Below are the models made in ABAQUS. 
 
Fig. 2: Die 
 
  
Fig. 3: Meshed blank Fig. 4: Assembly of blank and die 
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3.2 Properties 
 
The properties of the FE model are based on the properties obtained from the model in existing literature. In order to 
validate the model simulation, we took IF210 steel material as the reference material. For the blank, the input 
properties required were density, Young’s modulus and the Poisson’s ratio as given in table 1.For the plasticity, a 
Johnson-Cook material model with a strain rate dependency was used. Manually fitted JC material model 
parameters were used for the simulation given in table 2. 
 
Table 1: Input Material Properties for Alloys 
Alloy Density Young’s Modulus Poisson’s Ratio 
IF210 7800 210 0.3 
Al6061 T6 2700 69 0.33 
Mg-Gd-Y 1800 42 0.3 
 
The die is modelled as a 3D analytical rigid shell. The contact interaction between die and blank was set to a surface 
to surface condition, with contact property tangential behaviour and a friction coefficient of 0.1 in penalty. The die 
was constrained on its reference point with an encastre condition i.e. locked on all 6 degree of freedom. The blank 
was given an encastre condition along the edges thus making it equivalent to a clamped blank as in the experiment. 
 
 
3.3 Johnson-Cook Material Model 
 
The tensile stress in a material can differ depending on the strain rate, usually the flow stress increases with a higher 
strain rate. To be able to achieve as accurate result as possible in a simulation, it is necessary to describe this 
phenomenon with a constitutive material model. There are several different models to describe this change of 
mechanical properties. In this project the Johnson-Cook constitutive material model, JC, was chosen. This was 
decided, because the JC model is a widely used and well recognized model and in the program used for the 
simulation, ABAQUS, the Johnson-Cook material model is already implemented and the parameters of the model 
can be given as an input file. The Johnson-Cook model is expressed in equation 1. 
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்ି బ்
೘்ି బ்ቃ(1) 
The model expresses the flow stress (σ). The expression is divided in to three brackets, the first part is representing 
the initial yielding strength and the strength hardening due to stain, where A is representing the initial strength and B 
and n is represents the hardening due to strain (ε). The second bracket is representing the hardening due to strain 
rate, where C is the hardening sensitivity due to strain rate ߝሶ and ߝ଴ሶ is a normalizing strain rate reference. The last 
bracket represents the material softening due to material heating with the parameter T, T0and Tmare constants and 
represents the initial temperature and the melting temperature. But in this work the effect of the temperature was 
neglected and the parameter T was not evaluated [Sergey F et al 2013&H. Couque 2006]. 
The Johnson –Cook Parameters used in the model are given in table 2.  
Table 2: Johnson-Cook Parameters 
Material A (MPa) B (MPa) C N m 
IF210 [7] 200 420 0.02 0.3 1 
Al6061 T6 [J.D. 
Thomas et al 2007] 
324.1 113.8 0.002 0.42 1.34 
Mg-Gd-Y [Fan 
Yafu2010] 
435 1988 0.0138 0.8995 3.05 
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3.4  Loading 
 
The load is given on the top surface of the blank; it is given as uniform pressure over the surface. For providing blast 
loading as in the case of high strain rate forming, dynamic explicit force is chosen in ABAQUS. The time period of 
the pressure pulse is taken as 100 microseconds as similar to a typical electro-hydraulic blast time Daniel et al 2008. 
The amplitude of the pressure pulse applied that corresponded to the required dome height of 36mm was set as 20.1 
MPa. The pulse is represented by a Sine-curve with amplitude of 1 and a length of 100 microseconds. 
 
 
Fig. 5: Amplitude of pressure vs time 
Because of the complexity of the connection between the input energy in the experiment and the input pressure 
pulse in the simulation, a reference magnitude of the pulse is set, for grade IF210 so that the height of the formed 
blank, the dome, agree with the height of the dome in the EHF experiment. 
 
 
 
4. Results and Discussions 
 
The snapshots shown in Figure 6 show a time variant simulation of the forming of the blank of the model. The blast 
loading was applied for only 100 microseconds while the period of simulation was kept as 1000 microseconds. 
 
The following table gives a comparison of the experimental parameters and the simulation parameters for the 
reference IF210 steel material which was used to validate the ABAQUS simulation model. Daniel et al 2008 
Table 3: Comparison of simulation and experimental values for IF210 
Experim-
ent input 
Energy [KJ] 
Experi-
ment dome 
height 
[mm] 
Max. strain 
rate from 
literature  
[1/s] 
Simulati-on 
input 
magnitude 
of pressure 
[MPa] 
Simulat-
ion dome 
height 
[mm] 
Simulat-
ion max. 
strain rate 
[1/s] 
20.2 36 1345 20.1 36.0143 1257.4 
 
A simple argument is used to estimate the peak value of the pulse. The energy of the electric discharge is assumed to 
be transformed into pressure in the liquid of the discharge chamber. The static pressure is equal to the electric 
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energy divided by the liquid volume. This pressure level also corresponds to a pressure pulse which travels through 
the chamber. In that case it is assumed that kinetic effects can be neglected [Arne Melander et al 2013]. Since there 
was no medium modeled so it is a fair assumption to make that there is no attenuation in the shock wave so the 
pressure amplitude could be set as the value of the input energy as given in the experiment. This should result in the 
same dome height as obtained in the experiment. 
 
 
 
Figure 6 a) time = 0 microseconds Initial 
state of the blank before the onset of blast 
loading. 
 
Figure 6 b) time = 50.156 microseconds. 
Travel of shock wave through the 
material 
 
Figure 6 c) time = 100.01 microseconds. 
Visible propagation of the blast wave. 
Figure 6 d) time = 150.14 microseconds. 
Deformation in the material post blast 
loading due to imparted kinetic energy 
 
Figure 6 e) time = 250.12 microseconds. 
The distribution of stresses as the kinetic 
energy transforms into stored strain 
energy. 
 
Figure 6 f) time = 1000 
microseconds.Final deformed state after 
the completion of simulation i.e after 
obtaining the standard dome height of the 
deformed blank. 
Fig. 6: Simulation Results 
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Below Fig. 7 is a picture of a section plot from the simulation of IF 210 in ABAQUS showing the magnitude of 
height of the deformed blank. 
 
Fig. 7: Section view of iso-plot of deformation in the blank 
Below Fig. 8 is the major and minor strain distribution plot from the edge to the centre of the blank for the simulated 
grade material IF210 with the assumed connection between the energy and pressure pulse. The comparison for the 
plot is done from a similar plot of simulation with experimental readings obtained from literature. 
 
 
Fig. 8: Strain distribution from the centre to the edge of the blank in simulation for IF210. 
 
The plot has a fairly comparable strain distribution with the measured strain distribution from the experiment and 
the simulated. The measured experimental major strain, LE11 from the experiment is higher than from the 
simulation. This can be an effect of that the material is anisotropic and the model used in ABAQUS do not describe 
this phenomena. 
 
This validation of result for material IF210 allowed us to prepare simulations for other commercially available 
alloys like Al 6061 T6 and Mg-Gd-Y alloy and obtain similar results which could serve as theoretical values for any 
experiments and investigations taking place in this field. 
 
For the input parameters as mentioned in table 1 and table 2 the following simulation results were obtained, keeping 
the dome height of the deformed blank to be standard according to the experiment as discussed above.  
Table 4: Simulation result values for alloys 
Alloy Simulation Input 
magnitude of pressure 
[MPa] 
Simulation Dome 
Height [mm] 
Simulation 
Maximum Strain 
rate [1/s] 
Al 6061 T6 11.7 36.0278 2421.48 
Mg-Gd-Y 15.2 35.8034 2229.19 
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112   Tushar Mane et al. /  Procedia Materials Science  6 ( 2014 )  105 – 114 
 
Below Fig 9 is the major and minor strain distribution plot from the edge to the centre of the blank for the simulated 
material Al 6061 T6 with the assumed connection between the energy and pressure pulse. The comparison for the 
plot is done from a similar plot of simulation in Fg 10 with experimental readings obtained from literature Daniel et 
al 2008.  
 
 
Fig. 9: Strain distribution from the centre to the edge of the blank in simulation for Al 6061 T6. 
 
Fig. 10: Strain distribution of Al 6061 for high strain rate forming  
From the obtained graph and comparing it with the graph obtained from experiments we can see that the plots have a 
fairly same strain distribution for the simulated model for Al 6061 T6 at higher strain rates. Aluminium alloy 
showed smooth deformation in the free forming with no wrinkling visible. Springback observed was 0.32% as 
compared to the total deformation while the maximum velocity that reached during the deformation process is 293.3 
m/s. Fig. 11 shows the major and minor strain distribution plot from the edge to the centre of the blank for the 
simulated Mg-Gd-Y alloy with the assumed connection between the energy and pressure pulse. Since the forming 
process for magnesium alloys is still under investigation stages there is no conclusive experimental result for the 
same. Since our model is validated by the simulation results by verification from the existing literature results we 
can presume that the results for Mg-Gd-Y alloy would follow a similar strain distribution pattern.  
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Fig. 11: Strain distribution from the centre to the edge of the blank in simulation for Mg-Gd-Y alloy. 
Magnesium alloy also showed smooth deformation but at the dome top there was some non-uniform deformation 
observed as seen in fig. 12. A very minute springback of 1.69% was observed with the maximum velocity during 
deformation is 523.5 m/s.  
 
 
 
Fig. 12: Final deformation for Mg-Gd-Y alloy with some non- uniform deformation at the dome peak. 
 
5. Conclusions: 
 
Validation of FEM model made in ABAQUS was carried out to investigate and understand the formability of the 
material and their behaviour under high strain rates.  
 The electrohydraulic effect in the model was incorporated by setting the blast pulse duration for 100 
microseconds which corresponds to an electro-hydraulic shock wave. 
 For material IF210, the strain distribution curve shows comparable strain distribution and the maximum 
strain rate obtained was close to rate obtained in the experiment.   
 The experimental and simulation strain rates obtained for the IF210 simulation were comparable thus 
validating the results. 
 The strain distribution pattern obtained for Aluminium alloy is fairly similar to that obtained from 
literature for high strain rate forming.  
 Aluminium alloy showed smooth deformation with no wrinkling, a minute springback and maximum 
deformation velocity reached was 298.3 m/s. 
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 A strain distribution pattern for Mg-Gd-Y alloy was obtained. Magnesium alloy showed some non-
uniform deformation at the dome peak while the maximum deformation velocity obtained was 523.5 
m/s. 
 Geometries and strains of the formed sheets could be modelled with good agreement with experiments. 
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